terminus of precursor molecules. Recognition of the signal sequence and targeting of the nascent chain generally requires the combined function of the signal recognition particle (SRP) and of its membrane receptor, but alternative targeting pathways exist. This review summarizes briefly our knowledge of the targeting process (for previous reviews, see 1, 2) .
The main focus of this review is the translocation process that succeeds the targeting phase. Proposed mechanisms of translocation have ranged from the idea that the transport of a polypeptide chain occurs directly through the phospholipid bilayer without participation of membrane proteins to models in which polypeptides are transported through a hydrophilic or amphiphilic channel formed from transmembrane proteins (1). It now seems that a protein-conducting channel does exist. The
The author is at the Max-Delbruck-Center for Molecular Medicine, Robert-R6ssle-Str. 10, 0-1115 BerlinBuch, FRG. evidence comes from electrophysiological data and from the identification of membrane proteins as putative channel constituents. Three powerful approaches have contributed to the recent progress-genetic screening for translocation components, identification of membrane proteins adjacent to translocating polypeptides by chemical crosslinking, and reconstitution of the translocation components into proteoliposomes after their solubilization and purification. This review summarizes our knowledge of the various components of the translocation site.
The Targeting Cycle:
Role of the SRP In eukaryotes, most proteins are targeted to the ER membrane by the SRP. The SRP is a ribonucleoprotein particle consisting of a 7S RNA molecule and six polypeptide subunits of 9, 14, 19, 54, 68, and 72 kD (2) . In vitro experiments with the mammalian SRP have suggested a scheme for the function of the SRP (Fig. 1) . As soon as the signal sequence of a growing polypeptide chain has emerged from the ribosome, it is bound by the SRP (step 1). Next, the complex containing the nascent chain, ribosome, and SRP is specifically targeted to the ER membrane by an interaction with a membrane-bound receptor, the SRP receptor or docking protein (3), which consists of ac and ,3 subunits (4) (step 2). Guanosine triphosphate (GTP) is required for the next step, during which the SRP is released from both the ribosome and the signal sequence (5) (steps 3 and 4). The nascent chain is transferred into the membrane and the ribosome becomes membrane bound through its attachment to a ribosome receptor. Finally, GTP hydrolysis leads to the dissociation of the SRP from its receptor, and a new targeting cycle can begin (6) (step 5). The actual transfer of the polypeptide through the membrane does not require the SRP or its receptor and commences only after their disengagement (after step 4). According to this scheme, the SRP has two basic functions: First, it targets the polypeptide chain to the ER membrane by interacting both with the signal sequence and with the translocation apparatus. Second, it keeps the bound signal sequence segregated from the rest of the polypeptide chain and thereby prevents aberrant, premature folding. The signal sequence is recognized by the 54-kD polypeptide of the SRP (SRP54) (7). This subunit contains a methionine-rich M domain and a GTP-binding G domain (8, 9) . The former domain interacts with signal sequences (10). The methionines in the M domain are assumed to be located on one side of three ac helices and could form or contribute to the formation of a hydrophobic pocket into which the hydrophobic cores of signal sequences could be buried (9). The flexible side chains of methionines appear to be particularly well suited to accommodate signal sequences of different structure. The G domain, which is not needed for signal sequence binding, seems to take part in targeting (I 1). GTP hydrolysis at this site may result in the release of erroneously bound signal sequences from the M domain; it would thus be required for a proofreading mechanism during signal sequence recognition. SRP54 can bind to signal sequences in the absence of any other component of the SRP (12) . GTP binds to both subunits of the SRP receptor. The ac subunit interacts with the SRP, and the GTP binding site of the ac subunit appears to be important for the targeting reaction (13). It seems likely that a guanine nucleotide exchange reaction is induced by the contact of the SRP with the ac subunit of the SRP receptor (step 3 in Fig. 1) . Occupation of the site by GTP initiates the release of the signal sequence from the SRP (step 4). 
Alternative Targeting Pathways
The existence of at least one SRP-independent targeting pathway is not only indicated by the fact that S. cerevisiae cells can survive without SRP but also by the finding that various proteins can be translocated in vitro in the absence of the SRP and the SRP receptor (19) Sec6lp has sequence similarity to SecYp of bacteria (31) (Fig. 2) . The proteins have identical topologies with ten predicted membrane spanning segments. Several hydrophilic amino acids within membranespanning regions are conserved, suggesting that they are essential for a hydrophilic environment within the membrane. Interestingly, all of the similar regions are located either within the membrane or on the cytoplasmic side in the topological model of Sec6lp or SecYp (Fig. 2) .
SecYp is likely to be a major component of the translocation apparatus in bacteria (24) reconstituted from a cholate extract of canine pancreas microsomes, and tested for the appearance of a crosslinked product. A single glycoprotein, the translocating chain associating membrane (TRAM) protein, was sufficient to allow crosslinking (43). The sequence of the TRAM protein, as deduced from cloning of the corresponding cDNAs from different mammalian cells, suggests that it spans the membrane eight times and that it has a cytoplasmic tail of about 60 amino *acids (Fig. 3) . Several amino acids in the membrane-spanning regions are hydrophilic or charged. The TRAM protein is about as abundant as ER membrane-bound ribosomes, suggesting that it is present in each translocation site. The effect of the TRAM protein on the translocation of secretory proteins was tested in an improved reconstitution system with an overall transport efficiency approaching that of the original membranes (43). Proteoliposomnes depleted of glycoproteins had reduced transport activity for some secretory proteins (prepro-ac-factor and pre-p-lactamase) but had only slightly reduced activity for preprolactin. Addition of the TRAM protein alone was sufficient to restore translocation to the original level.
One explanation for the differential effect of glycoprotein depletion on various translocation substrates may be that the TRAM protein is required for transport of some but not all proteins. The effects of several Sec mutants on different translocation substrates may also indicate different requirements for translocation components (21, 30, 47) . However, the depletion of the TRAM protein might not have been complete (43). The number of translocation sites containing the TRAM protein may have only been reduced and proteins with a high affinity for them, like (presumably) preprolactin, still could have been translocated. In a reconstitution system in which a different detergent was used, preprolactin translocation was indeed reported to be dependent on glycoproteins (44, 48).
Short nascent chains of secretory proteins representing early stages of translocation can be crosslinked to both the TRAM protein and Sec6lp (31). The TRAM protein seems to interact with amino acid residues preceding the hydrophobic core of the signal sequence whereas Sec6lp seems to interact primarily with the core and with residues succeeding it (49). Therefore, the two proteins together may orient the signal sequence in a loop structure in the membrane.
With longer chains of secretory proteins crosslinks to the TRAM protein have not been observed. It is possible that these longer chains lack suitably located amino acids for crosslinking, but it seems more likely that the TRAM protein is only adjacent to nascent chains at the beginning of their membrane passage. 
Conclusions and Perspectives
It seems that a long lasting dispute concerning the participation of membrane proteins in the translocation process has come to an end. The translocation site contains not only proteins that are essential for the transport process, but also enzymes that catalyze the modification of nascent polypeptides and probably proteins needed for other functions (Table 1) . A protein-conducting channel is likely to exist but further evidence is required and the direct participation of lipids cannot be excluded.
Sec6lp and SecYp proteins seem to be major components of the putative proteinconducting channel. Other membrane proteins, like the TRAM protein or the Sec62p-Sec63p complex may be only transiently required. During the course of protein translocation different membrane proteins may be apposed to a nascent chain. Whether the translocation site is transiently assembled from complexes of membrane proteins or whether it only undergoes conformational changes remains to be determined. In general, at least in mammals, the nascent polypeptide seems to be transferred directly from the ribosome into the translocation site through a tight junction between the membrane-bound ribosome and Sec6lp.
Perhaps the most gratifying conclusions is that the mechanisms of protein transport across the ER membrane and across the cytoplasmic membrane in bacteria are basically the same. Both the discovery of a complex similar to the SRP that may function in protein export from bacteria and the obvious similarity of SecYp and Sec6lp provide a mechanistic correlate to the fact that signal sequences are similarly structured and exchangeable between different classes of organisms. Further similarities may exist between the components of the translocation systems.
The mechanism of translocation remains unclear but we are now closer to a major goal of the field-to reconstitute into proteoliposomes the translocation process from purified components. With the establishment of an efficient reconstitution system and the availability of purified key components, there is a chance to reconstitute at least partial reactions. It is likely, however, that other translocation components will have to be identified to reconstitute the overall process. In fact, the driving force for the translocation process is still completely mysterious. Is there a pumping machinery that requires energy or does the polypeptide simply diffuse through the membrane with directionality determined by its folding at the lumenal side? ATP is known to be required for the membrane transfer of a sizable polypeptide domain (33) but the energy-requiring component is unknown.
The is significant also because their amino acid sequences are now known to be strikingly similar to those many transporters of cells of higher animals (see below). This review will summarize recent data obtained from the study of a variety of bacterial transporters. These data suggest a common theme in the design of many transporters. These transport proteins contain similar transmembrane domains encompassing a membrane-spanning channel (2). These domains are made up of transmembrane ,1 strands in outer membrane proteins, whereas transmembrane cx helices, frequently a pair of domains each containing six helices, are found in plasma membrane transporters. The diversity of the transporters often seems to originate from the specificity of these channels and peripheral domains employed to couple energy to active transport processes. Because of limited space, many transport systems are not discussed; these include primary ion pumps such as bacteriorhodopsin and P-type adenosine triphosphatases (ATPases).
Channels in the Outer Membrane
The outer membrane contains three types of channels (Fig. 1) (1). (i) Proteins known  as porins (Fig. 1A) contain large, open, 
